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Abstract Salmonella typhimurium is a potentially intra­
cellular pathogen and is responsible for thousands of 
reported cases of acute gastroenteritis and diarrhea each 
year. Although many successful physiological and genetic 
approaches have been taken to conclude the key virulence 
determinants encoded by this organism, the total number 
of uncharacterized reading frames observed within the 
S. typhimurium genome suggests that many virulence fac­
tors remain to be discovered. This study was conducted to 
evaluate the role of heat induced phage shock protein A 
(PspA), in the pathogenicity of S. typhimurium. The stress 
proteins detected on sodium dodecyl sulfate-polyacryl­
amide gel electrophoresis were identiﬁed speciﬁcally by 
immunoblotting with polyclonal antibody against PspA. 
PspA was produced in response to heat stress at 45°C and it 
was over-expressed at 65°C. At this temperature, the 
stressed bacterial cells producing PspA were more virulent 
(16 folds greater) to female 6–8 week-old Balb/c mice. 
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Correspondency between decrease in LD50 and increase in 
PspA production during heat stress and lower pathogenicity 
in non-producing cells that emerged during stress at 55°C 
represents PspA as an important virulence factor in heat 
stressed S. typhimurium. 
Introduction 
Salmonella typhimurium is the leading cause of salmonel­
losis, a severe form of food poisoning that can be life 
threatening in elderly, very young, and immunocompro­
mised patients [7]. This bacterium is closely related to 
Salmonella typhi, the causative agent of typhoid fever and 
is a serious concern in Africa, South America, Mexico, and 
parts of Asia [30]. In spite of decrease in the rate of typhoid 
fever, the incidence of non-typhoidal salmonellosis is on 
the increase [16]. 
Pathogenicity of S. typhimurium is complex and highly 
integrated process that can not be attributed to any single 
protein activity [35]. Many studies have used biologically 
relevant models of infection to analyze the molecular 
basis of infection [32]. Protein proﬁling, as performed in 
other bacterial systems, is a useful approach for obtaining 
a universal overview of the proteins present in a system 
under differing conditions [11, 17, 24]. This understand­
ing is essential for developing effective strategies to 
struggle infection as well as for revealing new therapeutic 
targets. 
Following a brief heat stress at high temperatures, 
transient synthesis of a set of highly conserved stress 
proteins happens [6]. Exposure to heat has been recognized 
as a primary method for preserving foods, typically 
resulting in the production of either a pasteurized or a 
commercially sterile food product [33]. 
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The phage shock protein operon (pspABCDE) was ﬁrst 
described in Escherichia coli [4] and is highly conserved in 
many Gram negative bacteria embracing several patho­
gens. The psp genes are involved in protecting the bacterial 
cell throughout infectious processes. For instance, psp 
mutants of Yersinia enterocolitica are severely virulent 
attenuated during infection [8]. These bacteria exhibit 
growth defects when the type III secretion system is 
expressed [9]. The psp operon is also up-regulated during 
swarming in S. typhimurium [36] and also during bioﬁlm 
formation in E. coli [3]. Regulation of Psp proteins inter­
vene with psp operon [1, 37]. Transcription of the psp 
operon is driven forward by the r 54-RNA polymerase [37], 
which is activated by the enhancer binding protein called 
PspF [19] and facilitated by integration host factor [18]. 
Induction of the psp operon was ﬁrst depicted as a response 
upon infection with ﬁlamentous phages [4]. Other more 
general stresses including extreme heat shock, hyper-
osmotic shock, ethanol treatment, and uncoupling of proton 
motive force inﬂuence the induction of psp [25, 32]. 
Genetic analysis showed that the operon consists of four or 
ﬁve genes [5]. The ﬁrst gene, pspA, is copiously expressed 
upon induction. This gene encodes a 25.4 kDa protein, 
which is peripherally associated with the cytosolic mem­
brane, although a proportion of this protein is localized in 
the cytoplasm. Phage shock protein A has a negative reg­
ulatory role in expression of the operon [12]. 
This study was conducted to assess the role of phage 
shock protein A, on pathogenesis strength of S. typhimu­
rium after exposure to different degrees of heat stresses. 
Materials and Methods 
Media, Organism, and Preparation of Cultures 
Salmonella typhimurium strain ATCC 14028 (PTCC 1186) 
was obtained from Persian Type Culture Collection in 
Tehran, Iran. It was routinely cultured on Trypticase soy 
agar (TSA, Difco, France) and incubated at 37°C. Trypti­
case soy broth (TSB, Difco, France) was used to assess the 
ability of Salmonella typhimurium growth after recovery 
from different degrees of heat stresses. Nine aliquot tubes 
(10 ml) of working cultures (108 CFU/ml) were heat 
stressed by immersion (3 cm above medium level in bottle) 
into 40°C water bath. After 10 min, one of the tubes was 
removed from water bath and the remaining eight tubes 
were remained. For heat adapted cells, the temperature was 
elevated to 45°C, and after 10 min, this process were 
repeated at 50, 55, 60, 65, and 70°C. Heat stressed cells 
were prepared after incubation of the cultures at 40°C for 
18 h. Culture grown in TSB for 18 h at 37°C was used as 
control [39]. 
Protein Proﬁle Analysis by SDS-PAGE 
For sodium dodecyl sulfate-polyacrylamide gel electro­
phoresis (SDS-PAGE) analysis, stress recovered cells were 
centrifuged 5 min in 5,000g and the pellets were resus­
pended in Tris–HCl 30 mM (pH 8.1). This suspension was 
centrifuged for 10 min at 10,000g. The pellets were vor­
texed in 200 ll Sucrose 20% in Tris–HCl and were 
resuspended in phosphate buffer (pH 7). The suspension 
was incubated on ice with 33 mg/l lysozyme for 30 min 
and then disrupted by sonication for 20 s. Soluble and 
insoluble fractions were separated by centrifugation for 
15 min at 15,000g. One hundred microliters of the super­
natant was mixed in 3LUG sample buffer [2] and SDS­
PAGE analysis was performed on 15% polyacrylamide gel 
electrophoresis as described [23]. Gels were stained by 
silver staining for visualization. 
Immunoblotting 
After blotting onto nitrocellulose ﬁlters (0.45 lm, Schlei­
cher and Schuell) using a Mini Trans Blot Cell (Bio-Rad 
Laboratories), immunoincubations were performed essen­
tially [21] using rabbit polyclonal antibodies against 
PspABCDE (Urogentec-Belgium). 
Pathogenesis Evaluation of Stressed Bacteria in Balb/c 
Mice 
Forty female 6–8 week-old Balb/c mice (purchased from 
Pasteur Institute, Tehran, Iran) were chosen to inoculate the 
recovered bacteria orally. Groups of ﬁve mice were housed 
in polypropylene cages with sterilized bedding under 
controlled temperature (25°C), and relative humidity 
(55%). The LD50s were determined as follows: groups of 
ﬁve mice were infected orally with graded doses of bacteria 
ranging over 5 logs. The LD50 studies were performed with 
the control and stressed S. typhimurium by use of ﬁve 
animals per dose. The challenge inocula were enumerated 
by viable counts. Orally infected mice were observed for 
3 weeks to estimate the LD50 as described previously [31]. 
All experimental procedures were carried out according to 
the standards set forth in the Guide for the Care and Use of 
Laboratory Animals [29]. 
Results 
SDS-PAGE Analysis and Immunoblotting 
Protein proﬁles of S. typhimurium after heat stresses at 
40–70°C revealed different patterns. After stress induction 
at 40°C, the phage shock protein A were not observed in 
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protein samples but at 45°C the narrow protein band was 
seen in this lane (Fig. 1). At 50, 55, and at 60°C, the 
quantity of PspA protein was increased, respectively. At 
65°C, the bacteria had maximum expression of PspA, but 
this band was disappeared in recovered bacteria at 70°C. 
Surprisingly a colony of the heat stressed bacteria did 
not produce pspA after stress at 50°C and even at 65°C, in 
spite that other colonies had produced maximum PspA 
(Fig. 2). These heat stressed cells had similar protein pat­
terns and just had a difference in PspA production; in the 
other word they were only PspA deﬁcient. In fact the 
spontaneously mutation in pspA gene inhibited the pro­
duction of PspA protein in temperatures higher than 50°C. 
Pathogenesis Evaluation of Stressed Bacteria in Balb/c 
Mice 
Lethal dose of untreated S. typhimurium for 50% of female 
6–8 week- old Balb/c mice inoculated orally was 
6 9 103 CFU. The LD50 was calculated for two groups of 
these bacteria. One group that had maximum expression of 
PspA at 65°C and the second group who lost their ability to 
express PspA. Death of inoculants mice occurred between 
Fig. 1 PspA protein lanes of Salmonella typhimurium ATCC14028 
recovered from heat stress. Maximum expression of PspA (25.4 kDa) 
was seen at 65°C stressed bacteria. SDS-PAGE was followed by 
immunoblotting with antiserum directed against PspA (dilution, 
1:1,000). Blots were developed with 4-chloro-1-naphthol-H2O2 as the 
substrate. The positions of molecular mass marker proteins are 
indicated at the right (in kDa) 
Fig. 2 PspA protein lane of some Salmonella typhimurium 
ATCC14028 cells that recovered from different degrees of heat 
stresses. A mutation in pspA gene inhibited the production of PspA 
protein in temperatures higher than 50°C 
Fig. 3 A 16-fold difference between LD50s of PspA producing and 
nonproducing Salmonella typhimurium cells to Balb/c mice 
8 and 11 days after oral inoculation. After induction of heat 
stress by different temperatures, the LD50 calculated for 
every dose of stress and maximum pathogenesis was 
observed after recovery from stress at 65°C by LD50 of 
200 CFU for oral inoculation that shows 30 folds raised 
virulence by these organisms in contrast to the control 
bacteria. The bacterial cells that did not produce PspA 
protein had 16 folds lower virulence in mice in contrast to 
PspA producing colonies. The results are shown in Fig. 3. 
Discussion 
This study was performed at the temperatures that occur 
frequently in the food, drug, and cosmetic industrial pro­
cesses. Thus, one can readily envision that the continued 
high level synthesis of general stress proteins in heat 
adapted and actively growing cells can yield cellular levels 
sufﬁcient for protection. Therefore, the heat triggered 
induction of many general stress regulons is likely to be of 
ecophysiological pertinence for the growth of S. typhimu­
rium [38]. 
Sodium dodecyl sulfate-polyacrylamide gel electropho­
resis was revealed production of new stress proteins 
especially a 25.4 kDa protein. The nature of this protein 
conﬁrmed as PspA by means of immunoblotting (Fig. 1). 
The role of the psp system is unknown, although Kle­
erebezem et al. [21] claimed that Psp system has been 
proposed to sense and respond to dissipation of the proton 
motive force. Recently, Maxson and Darwin [26–28] found 
that speciﬁc induction of Y. enterocolitica pspA operon 
expression was seen subsequent to over-expression of 
secretins and some cytosolic membrane proteins, and upon 
disruption of the F0F1-ATPase. 
The maximum production of pspA was induced in stress 
at 65°C, and minimal expression of this protein was 
observed at 45°C. This protein was not produced at 40 and 
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at 70°C (Fig. 1). In 2003, Eriksson et al. [15] discovered 
that psp genes are among the most highly up-regulated 
genes in S. typhimurium during macrophage infection and 
they showed pspA operon is induced during macrophage 
infection. As the macrophage infection is a stress condition 
(oxidative stress) [15]; therefore, we can induce this protein 
by other stress conditions like heat stress in high 
temperatures. 
PspA directly oppose a variety of inducing stimuli by 
switching the cell to anaerobic respiration and fermentation 
and by down-regulating motility, thereby subtly adjusting 
and maintaining energy employment and proton motive 
force [20]. Under normal growth conditions, PspA and 
PspD control the activity rank of ArcB/ArcA system that 
senses the redox or metabolic state of the cell, whereas 
under stress conditions PspA and PspD deliver their 
effector functions at least in part by activating ArcB/ArcA 
through positive feedback [20]. So, PspA plays an impor­
tant role in surviving S. typhimurium in harsh conditions. 
Also we found a colony of stressed S. typhimurium that 
did not produce PspA. In the ﬁrst stage of stress induction, 
these cells expressed PspA at 50°C but they were unable to 
express PspA at 55°C. The process of stress induction 
continued at 70°C. At this temperature, the recovered 
bacteria did not produce PspA (Fig. 2). Furthermore, the 
recovered bacteria subjected once again to heat stress in 
different temperatures were unable to produce PspA. 
Probably due to the heat stress, a mutation was occurred in 
pspA gene, because all the other characteristics of these 
bacteria such as their protein patterns were similar to those 
which can express the PspA protein. On the other hand, an 
increase in PspA synthesis could happen only by mutations 
that abolished export nearly completely [10]. 
Increase in PspA production has showed direct rela­
tionship with virulence of the bacteria in Balb/c mice. 
Before expression of pspA at 37°C, the lethal dose for 50% 
of orally inoculated Balb/c mice was 6 9 103 CFU and 
after PspA production at 45°C, the LD50 of these bacteria 
decreased 50% to 3 9 103 CFU. This process of virulence 
elevation was continued up to 65°C at which LD50 
decreased to 200 CFU. In the other word, there was a 
30 folds increase in virulence as a result of maximum 
production of pspA by stress at this temperature (Fig. 3). 
Induction of stress at 70°C increased the LD50 to 
6.8 9 103 CFU that was even higher than LD50 of the 
untreated bacteria due to no production of pspA and other 
stress proteins such as RfaL, PhoQ and etc. [22]. 
By comparing the pathogenicity of PspA producing and 
non-producing cells, the important role of pspA as a viru­
lence factor is conﬁrmed. The LD50 of pspA non-producing 
bacteria at 45°C decreased to 3.1 9 103 CFU but there was 
no production of PspA protein at 55°C and higher tem­
peratures (Fig. 2), therefore at 65°C, the LD50 was raised to 
3.2 9 103 CFU. This amount of LD50 is 16 folds higher 
than LD50 of pspA producing S. typhimurium at this 
temperature. 
Dworkin and Elderkin conﬁrmed that the peripheral 
cytoplasmic membrane protein PspA acts as a negative 
regulator, by directly interacting with PspF and inhibiting 
its activity [12–14]. Furthermore, when the pspA mutant 
was grown under hyper-osmotic shock conditions, it grew 
to a consistently lower density [34]. 
Overall, this investigation revealed that PspA protein 
were over-expressed after heat stress in S. typhimurium and 
it has direct effect on enhancing bacterial virulence. 
Therefore, thermal treatment that causes a decrease in 
bacterial populations employed in many industries, may 
lead to the generation of stress recovered bacteria be even 
more virulent than the wild type cells. 
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